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1  | INTRODUC TION
Seasonal	 movements	 between	 areas	 of	 reproduction	 and	 non‐
breeding	are	suggested	to	maximize	the	fitness	of	migrating	animals	
through	benefits	from	favourable	ecological	conditions	encountered	
year‐round	 (Lack,	 1968;	 Newton,	 2008).	 The	 overall	 balance	 be-
tween	costs	and	benefits	of	migration	will	depend	on	the	distance,	
route	and	timing	of	such	movements	and	on	the	ecological	conditions	
both	en route	 and	 at	 the	 ‘winter’	 destinations	 (hereafter	 ‘variation	
in	migration’)	(Alerstam	&	Lindström,	1990).	Variation	in	migration‐
related	 traits	 that	underlie	 fitness	 is	 the	basis	of	 natural	 selection	
(Pulido,	2007),	but	the	relationships	between	fitness	correlates	and	
intraspecific	 variation	 in	 migration	 routines	 of	 long‐distance	 mi-
grants,	for	obvious	logistic	reasons,	have	remained	understudied.
Migratory	 flights	 entail	 substantial	 energy	 expenditure	 (Drent	
&	 Piersma,	 1990;	 Flack	 et	 al.,	 2016),	which	will	 increase	with	 the	
distance	covered	 (Weber	&	Houston,	1997).	The	season	of	migra-




tively	 favour	 shorter	 migration	 distances,	 unless	 counterbalanced	
by	 advantages	 in	 survival	 in	 the	 rest	 of	 the	 year,	 age	 at	maturity	





Ntiamoa‐Baidu,	 Piersma,	 &	 Reneerkens,	 2015;	 Mathot,	 Smith,	 &	
Elner,	 2007;	Piersma,	 de	Goeij,	&	Tulp,	 1993)	 at	 the	non‐breeding	
destinations.	Different	balances	between	costs	and	benefits	across	
the	 non‐breeding	 range	 may	 maintain	 migration	 variation	 within	
breeding	populations	 (Gilroy,	2017).	Such	a	balance	can	be	the	re-









destinations	 exceed	 the	 costs	 of	 longer	 migration	 distances.	 The	
latter	could	occur	when	subordinate	individuals	(juveniles,	small	in-












to	 examine	whether	 and	how	 survival	 and/or	 (indicators	of)	 re-









their	 first	 3–6	months	 of	 life,	 sanderlings,	 like	 other	 migratory	
shorebirds,	settle	at	a	shoreline	winter	area	to	which	they	return	





We	 estimated	 adult	 apparent	 survival,	 age	 at	 first	 northward	
migration	 and	 the	 timing	 of	 northward	 passage	 through	 a	 final	
staging	area	for	sanderlings	from	non‐breeding	sites	across	a	huge	
non‐breeding	 range	between	Scotland	 (60°N)	 and	Namibia	 (25°S).	
Throughout	 the	 rest	 of	 the	 paper,	we	 refer	 to	 these	measures	 as	
fitness	 correlates,	 as	 they	 are	 likely	 to	 affect	 fitness	 (i.e.,	 lifetime	
reproductive	 success):	 (a)	 adult	 survival	 determines	 life	 span	 and	
migration	by	Namibia‐wintering	sanderlings,	all	suggest	they	face	issues	during	the	
late	non‐breeding	season	in	West	Africa.
5.	 Migrating	 sanderlings	defy	 long	distances	but	may	end	up	 in	winter	 areas	with	
poor	 fitness	 prospects.	We	 suggest	 that	 ecological	 conditions	 in	 tropical	West	
Africa	make	the	fuelling	prior	to	northward	departure	problematic.
K E Y W O R D S
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the	 interpretation	of	 the	patterns,	we	explore	whether	 individuals	
of	 different	 sizes,	 ages	 and	 sexes	 are	differently	distributed	 along	
the	flyway.
2  | MATERIAL S AND METHODS
2.1 | Individual marking








Of	 all	 5,863	 captured	 individuals,	 5,220	 (89%)	were	 individually	
colour‐ringed	from	1	October	2006–31	March	2013	with	unique	
combinations	 of	 two	 colour‐rings	 on	 each	 tarsus	 and	 an	 addi-
tional	 flag	 (i.e.,	an	extended	colour‐ring)	on	either	tarsus	or	tibia.	
During	the	7‐year	period	2007–2013,	we	checked	the	presence	of	








To	analyse	 the	 timing	of	northward	migration,	we	 included	birds	
from	winter	destinations	as	 long	as	these	destinations	generated	
a	minimum	of	ten	observations	of	at	least	five	birds	during	north-




2.2 | Assignment of winter destinations and 
migration period
Observations	 from	 1	 October–31	 March	 of	 sanderlings	 colour‐
ringed	in	Zackenberg	were	used	to	assess	the	extent	of	intra‐pop-
ulation	 variation	 in	migration	 (Figure	 1a).	We	 divided	 the	winter	
distribution	of	Greenlandic	 sanderlings	 into	sectors	of	5	degrees	
latitude	 (Figure	 1),	 which	 we	 considered	 separate	 winter	 areas	
(hereafter	 ‘winter	 area’)	 and	 which	 we	 named	 after	 the	 country	
or	 region	within	 this	winter	 area	with	most	 observations	 of	 col-
our‐ringed	 individuals.	 Within	 most,	 but	 not	 all,	 winter	 areas,	
we	 caught	 ringed	 and/or	 observed	 colour‐ringed	 sanderlings	 at	
a	 single	main	 study	 site.	We	 had	 sufficient	 data	 to	 compare	 fit-






shown	 to	be	highly	 site	 faithful	 to	 their	winter	 area,	both	within	
and	between	years	(Lourenço	et	al.,	2016).	Therefore,	we	assumed	
that	 for	 their	entire	 life	birds	used	the	winter	area	 in	which	they	







whether	 this	 concerned	observational	 errors	or	 true	movements	




barked	on	northward	migration	 if	 they	were	observed	outside	 the	
wintering	period	1	October–31	March	and	if	they	were	observed	at	
least	2	degrees	latitude	further	north	of	their	average	winter	latitude.





deployed	with	 a	 geolocator	 at	Karupelv	Valley	were	molecularly	
sexed	using	the	2550F/2718R	primer	pair	(Fridolfsson	&	Ellegren,	
1999).	 We	 determined	 the	 age	 (‘juvenile’	 [first‐year]	 or	 ‘adult’	
[older	 than	 first‐year])	 based	 on	 plumage	 characteristics	 (Prater,	
Marchant,	&	Vuorien,	1977).	We	examined	whether	the	probabil-
ity	of	catching	a	female	(excluding	winter	areas	with	<20	birds	of	
known	 sex)	 or	 a	 juvenile	 differed	 between	winter	 areas	 using	 a	
generalized	linear	mixed	effect	model	with	a	binomial	error	struc-
ture.	We	included	year	as	a	random	effect	and	compared	models	
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with	 and	 without	 winter	 area	 as	 a	 fixed	 effect	 on	 the	 basis	 of	
AIC	 (Burnham	&	Anderson,	 2002)	 using	 R‐package	 lme4	 (Bates,	
Maechler,	Bolker,	&	Walker,	2015).
Bill	lengths	(n	=	2,674)	of	birds	captured	in	the	winter	area	were	
measured	 with	 callipers	 to	 the	 nearest	 0.1	 mm	 and	 wing	 lengths	
(stretched	with	 completed	moult	 of	 10th	 primary;	n	 =	 2,603)	with	

































166,	 Portugal	 158,	 Mauritania	 415,	 Ghana	 484	 and	 Namibia	 41).	





We	 estimated	 adult	 apparent	 survival	 (Φ)	 and	 resighting	 prob-
ability	 (p)	 using	 Cormack–Jolly–Seber	 (CJS)	 models	 (Lebreton	 &	
Burnham,	 1992).	 To	 estimate	 survival	 from	 winter	 to	 summer	 (1	
January	to	1	July)	and	from	summer	to	winter	(1	July	to	1	January),	
we	used	a	6‐month	resighting	period	(1	October–31	March)	in	an	in-











apparent	 survival	will	 closely	 resemble	 true	 survival	 (hereafter	 re-
ferred	to	as	‘survival’).	We	believe	this	to	be	a	reasonable	assumption,	
as	summer	resightings	are	made	at	all	key	spring	and	autumn	staging	
sites,	 supplemented	by	many	 auxiliary	 resightings	 along	 the	 entire	
migratory	range.
In	the	full	model,	both	Φ	and	p	were	modelled	as	a	function	of	
group	 (i.e.,	winter	 area;	 g),	 year	 and	 season	 as	well	 as	 their	 inter-
active	effects	 (Φsite*year*season	psite*year*season).	We	compared	reduced	








mative	parameters	 (Arnold,	2010)	were	 considered	as	 supported	
by	 the	data.	We	assessed	 the	goodness	of	 fit	 of	 our	data	 to	 the	
full	model	using	program	U‐Care	version	2.3.2	(Choquet,	Lebreton,	
Gimenez,	Reboulet,	&	Pradel,	2009).	There	was	only	moderate	lack	
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of	fit	(χ2	=	238.83,	df	=	165,	p	<	.001),	which	we	corrected	for	by	
implementing	a	variance	inflation	factor	(ĉ	=	1.45).
2.5 | Age of first northward migration










defined	 three	states:	 (a)	alive	and	observable,	 (b)	alive	and	unob-
servable	and	(c)	dead;	and	two	events:	(a)	observed	and	(b)	not	ob-
served.	All	individuals	started	in	the	observable	state	when	caught	
during	winter	 in	 their	winter	 area.	 The	 probability	 to	 stay	 in	 the	
observable	state	between	the	winter	in	which	the	birds	were	ringed	
and	the	subsequent	summer	 (migration	and	breeding)	season	can	




first	 season	 after	 they	were	 captured	 as	 juvenile).	 The	 transition	
probability	from	the	unobservable	to	the	observable	state	was	also	
set	 to	one,	 so	 that	 first‐year	 individuals	can	only	be	 in	 the	unob-





from	 the	 best	 supported	 model	 from	 the	 adult	 survival	 analysis	
described	above	and	compared	 the	 two	models	 in	which	 the	mi-
gration	probability	of	 first‐year	birds	 is	 either	 constant	or	winter	
area‐dependent.
These	 models	 were	 constructed	 and	 run	 in	 program	 E‐Surge	
(Choquet,	Rouan,	&	Pradel,	2009).	Since	no	formal	goodness‐of‐fit	
tests	exist	for	multi‐event	models,	we	assessed	the	goodness	of	fit	























75.16666,	−19.75000 B 2010–2013 108 107	(99%) 86	(80%)
Zackenberg
(Greenland)
74.46665,	−20.56684 B 2007–2013 268 267	(100%) 263	(98%)
Karupelv	Valley
(Greenland)
72.49994,	−23.99954 B 2011–2013 52 52	(100%) 27	(52%)
Sandgerði
(Iceland)
64.04261,	−22.71404 M 2007–2013 1,218 1,205	(99%) 560	(46%)
Sanday
(Scotland)
59.24081,	−2.51783 M,W 1987–2013 378 163	(43%) 167	(44%)
Wadden	Sea
(Netherlands)
53.24967,	5.24271 M,	W 2007–2013 750 505	(67%) 285	(38%)
Hayling	Island
(England)
50.78336,	−0.93620 M,W 2001–2013 103 103	(100%) 0	(0%)
Tagus	estuary
(Portugal)
38.74658,	−8.97778 M,W 2008–2013 382 381	(100%) 13	(3%)
Iwik,	Banc	d’Arguin
(Mauritania)
19.87754,	−16.30356 W 2002–2013 1,483 1,302	(88%) 922	(62%)
Esiama
(Ghana)
4.92577,	−2.33373 M,W 2007–2013 1,136 1,135	(100%) 194	(21%)
Swakopmund
(Namibia)
−22.71218,	14.52589 W 1971–1979 34 0	(0%) 0	(0%)
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2.6 | Timing of northward migration
Iceland	is	the	last	possible	staging	site	on	northward	migration	before	
birds	migrate	 to	 their	 Arctic	 breeding	 area.	Observations	 in	 Iceland	
were	thus	considered	the	best	possible	indicator	of	arrival	time	in	the	
Arctic	 breeding	 grounds.	 During	 northward	 staging	 in	 Iceland,	 be-
tween	1	April	and	15	June,	we	collected	1,870	observations	of	289	
individuals	with	known	winter	area	(Scotland:	45,	England:	55,	France:	
114,	 Spain:	 10,	 Portugal:	 23,	Mauritania:	 19,	Ghana:	 14,	Namibia:	 7;	
Table	S4).	Observations	of	 individuals	 in	 the	year	of	 first	 capture	 in	
Iceland	were	excluded.	Multiple	observations	of	the	same	individual	at	
the	same	date	and	location	were	considered	single	observations.
Following	 the	methods	 in	Zuur,	 Ieno,	Walker,	Saveliev,	and	Smith	
(2009),	we	applied	a	linear	mixed	effect	model	using	the	nlme	package	






We	 first	 visually	 explored	 the	 residuals	 of	 the	 full	 model	 for	




2004).	 Violations	 of	 homoscedasticity	 in	 the	 linear	 mixed	 model	
were	dealt	with	by	fitting	different	variance	structures	to	our	mod-









tures	 (VarComb)	 by	 combining	 model	 variance	 as	 an	 exponential	
function	of	the	fitted	values	with	a	separate	variance	for	each	winter	









2.7 | Itineraries assessed by solar geolocation
We	deployed	solar	geolocators	(Intigeo‐W65A9,	Migrate	Technology	
Ltd)	on	44	sanderlings	 in	June–July	2013	and	2015	at	Zackenberg	
(26	 males	 and	 18	 females)	 and	 on	 eight	 sanderlings	 in	 June–July	
2013	in	Karupelv	Valley	(2	males,	3	females	and	3	of	unknown	sex).	
The	 geolocators	were	 attached	 to	 a	 leg	 flag,	which	did	 not	 affect	
annual	 return	rates	 (Brlík	et	al.,	2019;	Weiser	et	al.,	2016).	We	re-
trieved	eight	of	the	52	geolocators	(15%),	seven	of	which	we	were	







3.1 | Sizes, body mass, age and sexes of sanderlings 
along the flyway




with	 latitude	with	 shortest	wings	 at	 lowest	 latitudes	 (ΔAIC	 =	 4.3	
compared	to	a	model	with	a	linear	effect	of	latitude	and	ΔAIC	=	4.8	
compared	 to	 an	 intercept‐only	model),	 but	with	 a	maximum	mean	
difference	 in	wing	 length	of	only	1.5	mm	on	a	mean	of	126.4	mm	
(1.2%)	between	the	winter	areas	at	 the	highest	 latitudes	 (Scotland	











ranged	 between	 0.42	 and	 0.63	 and	 varied	 between	 winter	 areas	
(ΔAIC	=	19.9	with	 the	 intercept‐only	model),	with	 the	 lowest	pro-
portion	of	females	in	Mauritania	(0.41,	0.32–0.51),	and	a	majority	of	
females	 in	Ghana	 (0.62,	0.54–0.70)	and	Scotland	 (0.55,	0.41–0.69)	
(Figure	S5e).
3.2 | Lower adult survival in West Africa compared 
with Europe and Namibia
Adult	 survival	 probabilities	 differed	 considerably	 between	 sander-
lings	 from	the	different	winter	areas.	 In	 the	best	supported	model,	
survival	probabilities	differed	between	winter	areas	but	not	between	
seasons	 (Table	 2,	 Figure	 2a).	 Resighting	 probability	 was	 most	 par-
simoniously	 explained	 by	 an	 interaction	 between	 winter	 area	 and	
time	(Table	2,	Figure	S6).	 In	the	three	European	winter	areas,	adult	
sanderlings	showed	annual	survival	ranging	from	0.84	in	France	(95%	
confidence	 interval:	 0.78–0.89)	 and	 Portugal	 (0.74–0.91)	 to	 0.87	
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(0.70–0.95)	in	England,	all	very	similar	to	the	estimate	of	0.85	(0.73–
0.92)	for	sanderlings	wintering	in	Namibia	(Figure	2a).	Annual	survival	
probabilities	of	 adult	 sanderlings	 at	 tropical	 latitudes	 in	Mauritania	
(0.74;	 0.69–0.78)	 and	 Ghana	 (0.75;	 0.70–0.79)	 were	 considerably	
lower	(Figure	2a).
3.3 | Sanderlings from West Africa are more likely 
to forego their first northward migration
The	model	 in	which	migration	probability	of	 first‐year	birds	was	
site‐dependent	was	much	better	supported	than	the	model	with	
Model QAICc ΔQAICc wi K QDeviance
Φ(winter	area)	p(winter	
area*year*season)
5,800 0 0.53 84 1,480
Φ(winter	area	+	season)	p(winter	
area*year*season)
5,801 1.05 0.31 85 1,479
Φ(winter	area*season)	p(winter	
area*year*season)
5,803 3.51 0.09 90 1,471
Φ(constant)	p(winter	area*year*season) 5,805 5.34 0.04 79 1,496
Φ(season)	p(winter	area*year*season) 5,806 5.84 0.03 80 1,495
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constant	migration	probability	 (ΔQAICc	 =	 11.38).	While	 juvenile	
and	adult	sanderlings	from	England	and	Portugal	were	estimated	
to	 be	 equally	 likely	 to	 migrate	 northward	 in	 the	 season	 after	
capture,	 juveniles	 from	 Ghana	 and	 especially	 Mauritania	 were	
much	less	likely	to	do	so	than	adults	from	the	same	winter	areas	
(Figure	 2b).	Our	 estimate	 of	 probability	 of	 northward	migration	
by	 first‐year	 birds	 is	 relative	 to	 adults	 within	 the	 same	 winter	
area.	 Thus,	 the	 absolute	 estimates	 may	 differ	 if	 the	 probability	
to	embark	on	northward	migration	is	not	1	for	adults	and	differs	




on	northward	migration,	 implying	an	even	 lower	 fitness	of	birds	
wintering	in	Ghana.







Birds	 from	 Ghana	 were	 observed	 in	 Iceland	 5–11	 days	 later	 and	
those	 from	Mauritania	 9–15	 days	 later	 than	 birds	 from	 European	
winter	destinations	and	Namibia.
3.5 | Sanderlings skip West Africa 
during northward migration
Of	 the	seven	geolocator	 tracks	 from	six	 individuals,	 four	 individu-
als	wintered	in	West	Africa	(three	in	Mauritania	and	one	in	Guinea‐
Bissau)	 and	 two	 in	Namibia	 (Figure	1b–h,	Table	S6).	 In	 contrast	 to	
their	southward	migration,	birds	wintering	in	Namibia	did	not	stage	
in	West	 Africa	 during	 northward	 migration	 (Figure	 1g,h).	 Instead,	
they	made	non‐stop	 flights	of	 ca.	7,500	km	 (assuming	great	 circle	
distances)	 across	 the	 African	 continent	 including	 the	 Sahara	 de-
sert	 (Figure	 1g,h).	 All	West‐African	wintering	 individuals	migrated	
non‐stop	 from	Africa	 to	Europe	 (Figure	1b–h),	but	one	of	 the	 two	
Namibian	wintering	individuals	briefly	stopped	at	the	Mediterranean	
coast	in	Libya	and	Tunisia	(Figure	1h,	Table	S6).
















tion	 across	 their	 large	non‐breeding	 range,	we	 found	 that	 sander-
lings	from	winter	areas	 in	West	Africa	had	(a)	 lower	adult	survival,	
(b)	delayed	first	northward	migration	and	(c)	 later	passage	through	
their	 last	 spring	 staging	 site	 in	 Iceland	 than	birds	wintering	 either	
further	north	or	 south.	 Individual	 fitness	 correlates	of	 sanderlings	

























Model df logLik AIC ΔAIC wi Deviance
Winter	area 18 −5,420.84 10,877.7 0 0.67 10,841.7
Winter	area	+	Sex 20 −5,419.54 10,879.1 1.4 0.33 10,839.1
Winter	area	*	Sex 34 −5,412.31 10,892.62 15.0 0 10,824.6
Sex 13 −5,535.13 11,096.3 218.6 0 11,070.3





niles	was	 considerably	 larger	 in	Mauritania	 (Figure	S5d)	 compared	







birds,	 it	 was	 concluded	 earlier	 that	 there	 is	 little	 support	 for	 the	
idea	 that	 subordinate	 individuals	 are	 forced	 south	 by	 competition	
(Meltofte,	1996).	Thus,	we	consider	it	unlikely	that	sanderlings	of	rel-
atively	poor	overall	condition	end	up	in	West	Africa.
Many	 different	 ecological	 aspects	 combine	 to	 determine	 the	
quality	 of	 non‐breeding	 habitats	 (Piersma,	 2012),	with	 food	 avail-
ability	being	of	key	 importance.	For	shorebirds,	 it	has	been	shown	
that	prey	quality	and	prey	biomass	are	lowest	close	to	the	equator	





piper,	 the	Red	Knot	Calidris canutus	 (Piersma	et	al.,	2005).	 Indeed,	
food	availability	during	migratory	 fuelling	has	been	shown	to	pos-
itively	influence	timing	of	migration	and	survival	of	Red	Knots	and	
Bar‐tailed	 Godwits	 Limosa lapponica	 (e.g.,	 Atkinson	 et	 al.,	 2007;	
Rakhimberdiev	et	al.,	2018)	and	explained	why	less	proficiently	for-
aging	 juvenile	 shorebirds	 may	 skip	 northward	 migration	 (Hockey,	







the	 period	 of	 northward	 fuelling,	 sanderlings	 have	 a	 higher	 food	









to	 different	 winter	 areas	 after	 their	 first	 year	 of	 life.	Why	would	
individuals	return	to	areas	where	conditions	are	such	that	survival	








would	have	had	 the	opportunity	 to	 collect	 information	on	habitat	
quality	along	the	length	of	the	flyway.	Furthermore,	habitat	quality	
will	vary	within	and	between	years.	If	conditions	in	West	Africa	de-





The	 population	 of	 sanderlings	 along	 the	 East	 Atlantic	 Flyway	
has	been	growing	for	decades	(van	Roomen	et	al.,	2015),	which	may	



















This	 study	 is	 based	 on	 the	 efforts	 of	 more	 than	 2,000	 observ-
ers	 reporting	 colour‐ringed	 sanderlings.	 We	 especially	 thank	
Guðmundur	Örn	Benediktsson,	 John	Bowler,	 Ruth	Croger,	Anne	
de	 Potier,	 Benjamin	 Gnep,	 Kim	 Fischer,	 Kirsten	 Grond,	 Eileen	
Hughes,	 Hilger	 Lemke,	 Pedro	 Lourenço,	 Andy	 Johnson,	 Pierre	
Leon,	 Jelle	 Loonstra,	 Sebastien	 Nedellec,	 Afonso	 Rocha,	 Brian	
Rogers,	Ron	Summers,	Jan	van	Dijk	and	Hein	Verkade.	Anneke	Bol,	
Marco	 van	 der	Velde	 and	Yvonne	Verkuil	molecularly	 sexed	 the	
majority	of	birds,	Maria	Teixeira	and	Jérôme	Moreau	sexed	eight	
individuals.	 Ron	Porter	 created	 flags	 for	 geolocator	 attachment.	
Eldar	 Rakhimberdiev	 answered	 questions	 concerning	 FLightR	
and	 Allert	 Bijleveld,	 Jesse	 Conklin,	 Rosemarie	 Kentie,	 Thomas	
Oudman,	Janne	Ouwehand,	Emma	Penning,	Eldar	Rakhimberdiev,	
Brett	 Sandercock,	 Ron	 Summers,	 Yvonne	 Verkuil	 and	 two	 re-
viewers	 critically	 commented	 on	 drafts.	 Benjamin	Gnep	 created	
Figure	 1.	 Annual	 expeditions	 to	 Mauritania	 were	 organized	 by	
NIOZ,	 and	we	 especially	 thank	Maarten	 Brugge,	 Anne	Dekinga,	
     |  701Journal of Animal EcologyRENEERKENS Et al.
Jutta	Leyrer	and	Bernard	Spaans	for	their	contributions.	The	Parc	
National	 du	 Banc	 d'Arguin	 granted	 research	 permits	 and	 facili-
tated	access.	 J.R.	 and	T.S.L.V.	 thank	Aarhus	University	 for	 logis-
tical	support	at	Zackenberg.	Benoît	Sittler	organized	expeditions	
to	Karupelv	Valley.	 The	 Farlington	 Ringing	Group	 provided	 can-
non‐net	equipment.	This	work	was	supported	by	two	grants	from	
the	Netherlands	Polar	Programme	(851.40.072	and	866.15.207)	of	
the	Netherlands	Organisation	 for	Scientific	 research	 (NWO)	and	
from	the	Metawad	project	awarded	by	Waddenfonds	(WF209925)	
to	 JR	 and	TP.	 The	measurements	 in	Mauritania	 had	 their	 begin-
nings	 in	 the	 Prins	 Bernhard	 Cultuurfondsprijs	 to	 TP.	 JR	 and	 TP	
also	received	INTERACT	grants	for	Transnational	Access	from	the	
European	 Community's	 Seventh	 Framework	 Programme	 (grant	
agreement	 No262693).	 JR	 received	 a	 generous	 donation	 from	
World	 Wildlife	 Fund	 Netherlands.	 JAA	 was	 supported	 by	 FCT	
(SFRH/BPD/91527/2012).	OG	and	Loïc	Bollache	were	supported	






collected	 data;	 J.R.,	 T.S.L.V.	 and	 T.L.	 analysed	 the	 data.	 J.R.	 led	
the	writing,	and	T.S.L.V.,	T.P.,	J.A.A.,	C.C.,	O.G.,	J.L.,	Y.N.‐B.,	P.M.P.	
and	 T.L.	 contributed	 to	 drafts.	 All	 authors	 gave	 final	 approval	 for	
publication.
DATA AVAIL ABILIT Y S TATEMENT
Data	 available	 from	 the	 Dryad	 Digital	 Repository:	 https	://doi.
org/10.5061/dryad.m73n280	(Reneerkens	et	al.,	2019).
ORCID
Jeroen Reneerkens  https://orcid.org/0000‐0003‐0674‐8143 
Theunis Piersma  https://orcid.org/0000‐0001‐9668‐466X 
José A. Alves  https://orcid.org/0000‐0001‐7182‐0936 
Olivier Gilg  https://orcid.org/0000‐0002‐9083‐4492 
Johannes Lang  https://orcid.org/0000‐0002‐7387‐795X 
Yaa Ntiamoa‐Baidu  http://orcid.org/0000‐0002‐3915‐3341 
Tamar Lok  https://orcid.org/0000‐0003‐3753‐8501 
R E FE R E N C E S
Aharon‐Rotman,	Y.,	Gosbell,	K.,	Minton,	C.,	&	Klaassen,	M.	(2016).	Why	
fly	the	extra	mile?	Latitudinal	trend	in	migratory	fuel	deposition	rate	




ical	 intertidal	 ecosystem,	 Banc	 d’Arguin	 (Mauritania):	 Testing	 the	










Arnold,	 T.	 W.	 (2010).	 Uninformative	 parameters	 and	 model	 selection	





dition‐dependent.	 Journal of Applied Ecology,	44,	 885–895.	https	:// 
doi.org/10.1111/j.1365‐2664.2007.01308.x
Bates,	 D.,	Maechler,	M.,	 Bolker,	 B.,	 &	Walker,	 S.	 (2015).	 Fitting	 linear	
mixedeffects	models	 using	 lme4.	 Journal of Statistical Software,	67,	
1‐48	https	://doi.org/10.18637/	jss.v067.i01.




Burnham,	 K.,	 &	 Anderson,	 D.	 (2002).	Model selection and multi‐model 
inference: A practical information‐theoretic approach	 (2nd	 ed.).	 New	
York,	NY:	Springer.
Castro,	 G.,	Myers,	 J.,	 &	 Ricklefs,	 R.	 (1992).	 Ecology	 and	 energetics	 of	
sanderlings	migrating	to	four	latitudes.	Ecology,	73,	833–844.
Catry,	T.,	Lourenço,	P.	M.,	Lopes,	R.	J.,	Carneiro,	C.,	Alves,	J.	A.,	Costa,	
J.,	 …	 Granadeiro,	 J.	 P.	 (2016).	 Structure	 and	 functioning	 of	 inter-
tidal	 food	 webs	 along	 an	 avian	 flyway:	 A	 comparative	 approach	
using	 stable	 isotopes.	Functional Ecology,	30,	 468–478.	 https	://doi.
org/10.1111/1365‐2435.12506	
Choquet,	R.,	Lebreton,	J.	D.,	Gimenez,	O.,	Reboulet,	A.	M.,	&	Pradel,	R.	
(2009).	U‐CARE:	Utilities	 for	 performing	 goodness	of	 fit	 tests	 and	
manipulating	CApture‐REcapture	data.	Ecography,	32,	1071–1074.
Choquet,	R.,	Rouan,	L.,	&	Pradel,	R.	 (2009).	Program	E‐SURGE:	A	soft-
ware	application	 for	 fitting	multievent	models.	 In	D.	Thompson,	E.	








migration	 and	 the	 individual	 quality	 spectrum.	 Journal of Avian 
Biology,	48,	19–36.	https	://doi.org/10.1111/jav.01316	
Drent,	R.,	Both,	C.,	Green,	M.,	Madsen,	J.,	&	Piersma,	T.	(2003).	Pay‐offs	














702  |    Journal of Animal Ecology RENEERKENS Et al.
Flack,	 A.,	 Fiedler,	 W.,	 Blas,	 J.,	 Pokrovsky,	 I.,	 Kaatz,	 M.,	 Mitropolsky,	
M.,	 …	 Wikelski,	 M.	 (2016).	 Costs	 of	 migratory	 decisions:	 A	 com-
parison	 across	 eight	 white	 stork	 populations.	 Science Advances,	 2,	
e1500931–e1500931.	https	://doi.org/10.1126/sciadv.1500931
Fridolfsson,	A.‐K.,	&	Ellegren,	H.	(1999).	A	simple	and	universal	method	









Gilroy,	 J.	 J.	 (2017).	 Stay‐at‐home	 strategy	 brings	 fitness	 benefits	 to	
migrants.	 Journal of Animal Ecology,	 86,	 983–986.	 https	://doi.
org/10.1111/1365‐2656.12717	
Grond,	K.,	Ntiamoa‐Baidu,	Y.,	Piersma,	T.,	&	Reneerkens,	J.	(2015).	Prey	
type	 and	 foraging	 ecology	 of	 sanderlings	Calidris alba	 in	 different	
climate	 zones:	 Are	 tropical	 areas	more	 favourable	 than	 temperate	
sites?	PeerJ,	3,	e1125.
Gunnarsson,	T.	G.,	Gill,	J.	A.,	Petersen,	A.,	Appleton,	G.	F.,	&	Sutherland,	
W.	 J.	 (2005).	 A	 double	 buffer	 effect	 in	 a	 migratory	 shorebird	




by	juvenile	waders?	Journal of Avian Biology,	29,	325–330.	https	://doi.
org/10.2307/3677117






















changes	 in	wing	 length,	 but	 not	 bill	 length,	 of	 a	 long‐distance	mi-
gratory	shorebird.	Ecology and Evolution,	7,	3243–3256.	https	://doi.
org/10.1002/ece3.2898
Lebreton,	 J.‐D.,	 Burnham,	 K.	 P.,	 Clobert,	 J.,	 &	 Anderson,	D.	 R.	 (1992).	























Lundberg,	 S.,	 &	 Alerstam,	 T.	 (1986).	 Bird	 migration	 patterns:	
Conditions	 for	 stable	 geographical	 population	 segregation.	 Journal 











of	 northern	 versus	 southern	 wintering	 and	 breeding	 in	 waders.	
Ardea,	84,	31–44.
Méndez,	V.,	Gill,	J.	A.,	Alves,	J.	A.,	Burton,	N.	H.	K.,	&	Davies,	R.	G.	(2018).	
Consequences	 of	 population	 change	 for	 local	 abundance	 and	 site	
occupancy	 of	 wintering	 waterbirds.	Diversity and Distributions,	 24,	
24–35.	https	://doi.org/10.1111/ddi.12653	
Morrison,	C.	A.,	Alves,	 J.	A.,	Gunnarsson,	 T.	G.,	 Þórisson,	B.,	&	Gill,	 J.	





ulation	 trends.	 Journal of Applied Ecology,	25,	473–485.	https	://doi.
org/10.2307/2403838




F.,	 …	Warnock,	 S.	 E.	 (2002).	Western	 sandpipers	 (Calidris mauri)	
during	 the	 nonbreeding	 season:	 Spatial	 segregation	 on	 a	 hemi-
spheric	 scale.	 The Auk,	 119,	 922–928.	 https	://doi.org/10.1093/
auk/119.4.922
Newton,	I.	(2008).	The migration ecology of birds.	Oxford:	Elsevier.





the	 recapture	 duration	 assumption	 of	 mark‐recapture	 models:	 A	
test	using	simulated	and	empirical	data	from	an	endangered	tortoise	




pipers	Calidris mauri. Journal of Avian Biology,	36,	191–202.
O’Hara,	P.	D.,	Fernández,	G.,	Haase,	B.,	de	 la	Cueva,	H.,	&	Lank,	D.	B.	
(2006).	 Differential	 migration	 in	 western	 sandpipers	 with	 respect	
to	 body	 size	 and	 wing	 length.	 The Condor,	 108,	 225.	 https	://doi.
org/10.1650/0010‐5422(2006)108[0225:DMIWS	W]2.0.CO;2
     |  703Journal of Animal EcologyRENEERKENS Et al.
Oli,	 M.	 K.,	 &	 Zinner,	 B.	 (2001).	 Partial	 life‐cycle	 analysis:	 A	 model	
for	 birth‐pulse	 populations.	 Ecology,	 82,	 1180–1190.	 https	://doi.
org/10.1890/0012‐9658(2001)082[1180:PLCAA	M]2.0.CO;2
Piersma,	T.	(2012).	What	is	habitat	quality?	Dissecting	a	research	portfo-
lio	on	shorebirds.	In	R.	J.	Fuller	(Ed.),	Birds and habitat: Relationships 
in changing landscapes	 (pp.	 383–407).	 Cambridge:	 Cambridge	
University	Press.
Piersma,	 T.,	 de	 Goeij,	 P.,	 &	 Tulp,	 I.	 (1993).	 An	 evaluation	 of	 intertidal	
feeding	 habitats	 from	 a	 shorebird	 perspective:	 Towards	 rele-
vant	 comparisons	 between	 temperate	 and	 tropical	 mudflats.	
Netherlands Journal of Sea Research,	 31,	 503–512.	 https	://doi.
org/10.1016/0077‐7579(93)90062‐W
Piersma,	 T.,	 Rogers,	 D.	 I.,	 González,	 P.	 M.,	 Zwarts,	 L.,	 Niles,	 L.	 J.,	 do	
Nascimento,	 I.	 D.	 L.,	 …	 Baker,	 A.	 J.	 (2005).	 Fuel	 storage	 rates	 be-
fore	 northward	 flights	 in	 Red	 Knots	 worldwide.	 Facing	 the	 sever-
est	 ecological	 constraint	 in	 tropical	 intertidal	 environments?	 In	
R.	Greenberg,	&	P.	P.	Marra	 (Eds.),	Birds of two worlds: The ecology 
and evolution of migration	 (pp.	262–273).	Baltimore,	MD:	The	Johns	
Hopkins	University	Press.









Pulido,	 F.	 (2007).	 The	 genetics	 and	 evolution	 of	 avian	 migration.	
BioScience,	57,	165–174.	https	://doi.org/10.1641/B570211
R	Core	Team	(2018).	R: A language and environment for statistical comput‐
ing.	Vienna,	Austria:	R	Foundation	for	Statistical	Computing.
Rakhimberdiev,	E.,	Duijns,	S.,	Karagicheva,	J.,	Camphuysen,	C.	J.,	Dekinga,	
A.,	 Dekker,	 R.,	 …	 Piersma,	 T.	 (2018).	 Fuelling	 conditions	 at	 staging	
sites	 can	mitigate	 Arctic	 warming	 effects	 in	 a	 migratory	 bird.	Nature 
Communications,	9,	4263.	https	://doi.org/10.1038/s41467‐018‐06673‐5
Rakhimberdiev,	 E.,	 Saveliev,	 A.,	 Piersma,	 T.,	 &	 Karagicheva,	 J.	 (2017).	
FlightR:	 An	 R	 package	 for	 reconstructing	 animal	 paths	 from	 solar	
geolocation	loggers.	Methods in Ecology and Evolution,	8,	1482–1487.
Rakhimberdiev,	E.,	van	den	Hout,	P.	J.,	Brugge,	M.,	Spaans,	B.,	&	Piersma,	
T.	(2015).	Seasonal	mortality	and	sequential	density	dependence	in	








to	advancements	 in	arthropod	abundance.	Ecology and Evolution,	6,	
7375–7386.	https	://doi.org/10.1002/ece3.2361
Reneerkens,	 J.,	 van	 Veelen,	 P.,	 van	 der	 Velde,	 M.,	 Luttikhuizen,	 P.,	 &	
Piersma,	T.	(2014).	Within‐population	variation	in	mating	system	and	
parental	 care	patterns	 in	 the	 sanderling	 (Calidris alba)	 in	 northeast	
Greenland.	The Auk: Ornithological Advances,	131,	235–247.
Reneerkens,	J.,		Versluijs,	T.	S.	L.,		Piersma,	T.,		Alves,	J.	A.,		Boorman,	M.,	
Corse,	C.,	...	Tamar,	L.	(2019).	Data	from:	Low	fitness	at	low	latitudes:	
Wintering	 in	 the	 tropics	 increases	 migratory	 delays	 and	mortality	
rates	in	an	Arctic	breeding	shorebird.	Dryad Digital Repository,	https	
://doi.org/10.5061/dryad.m73n280	
Ricklefs,	 R.	 E.	 (2000).	Density	 dependence,	 evolutionary	optimization,	
and	the	diversification	of	avian	life	histories.	The Condor,	102,	9–22.	
https	://doi.org/10.1093/condo	r/102.1.9
Robinson,	R.,	Clark,	N.,	 Lanctot,	R.,	Nebel,	 S.,	Harrington,	B.,	Clark,	 J.,	
…	Atkinson,	P.	(2005).	Long	term	demographic	monitoring	of	wader	







spective	on	individual	differences.	Proceedings of the Royal Society B: 
Biological Sciences,	 282(1814),	 20151050.	 https	://doi.org/10.1098/
rspb.2015.1050.






defence	 and	movement	 patterns	 by	 juvenile	 grey	 plovers	 (Pluvialis 
squatarola).	 Journal of Animal Ecology,	 54,	 267–274.	 https	://doi.
org/10.2307/4637
van	de	Kam,	 J.,	 Ens,	B.	 J.,	 Piersma,	T.,	&	Zwarts,	 L.	 (2004).	Shorebirds: 
An illustrated behavioural ecology.	 Utrecht,	 the	Netherlands:	 KNNV	
Publishers.
van	der	Velde,	M.,	Haddrath,	O.,	Verkuil,	Y.	 I.,	Baker,	A.	 J.,	&	Piersma,	
T.	 (2017).	New	primers	 for	molecular	 sex	 identification	of	waders.	
Wader Study,	124,	147–151.	https	://doi.org/10.18194/	ws.00069	
van	 Roomen,	 M.,	 Nagy,	 S.,	 Foppen,	 R.,	 Dodman,	 T.,	 Citegetse,	 G.,	 &	
Ndiaye,	A.	(2015)	Status	of	Coastal	Waterbird	Populations	in	the	East	
Atlantic	Flyway	2014.	With	Special	Attention	to	Flyway	Populations	
Making	 Use	 of	 the	 Wadden	 Sea.	 Programme	 Rich	 Wadden	 Sea,	
Sovon,	 Wetlands	 International,	 Birdlife	 International,	 Common	
Wadden	Sea	Secretariat,	Leeuwarden.
Weber,	T.	P.,	&	Houston,	A.	 I.	 (1997).	Flight	costs,	 flight	 range	and	the	
stopover	 ecology	 of	migrating	 birds.	 Journal of Animal Ecology,	 66,	
297–306.	https	://doi.org/10.2307/5976
Weiser,	 E.	 L.,	 Lanctot,	 R.	 B.,	 Brown,	 S.	 C.,	 Alves,	 J.	 A.,	 Battley,	 P.	 F.,	
Bentzen,	R.,	…	Sandercock,	B.	K.	 (2016).	Effects	of	geolocators	on	
hatching	success,	return	rates,	breeding	movements,	and	change	in	






Mixed effects models and extensions in ecology with R.	New	York,	NY:	
Springer.
SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section.
How to cite this article:	Reneerkens	J,	Versluijs	TSL,	Piersma	
T,	et	al.	Low	fitness	at	low	latitudes:	Wintering	in	the	tropics	
increases	migratory	delays	and	mortality	rates	in	an	Arctic	
breeding	shorebird.	J Anim Ecol. 2020;89:691–703. https	://
doi.org/10.1111/1365‐2656.13118	
